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ABSTRACT 

We construct one-zone steady-state models of cosmic ray (CR) injection, cooling, and escape over 
the entire dynamic range of the FIR-radio correlation (FRC), from normal galaxies to starbursts, 
over the redshift interval < z < 10. Normal galaxies with low star-formation rates become radio- 
faint at high z, because Inverse Compton (IC) losses off the CMB cool CR electrons and positrons 
rapidly, suppressing their nonthermal radio emission. However, we find that this effect occurs at 
higher redshifts than previously expected, because escape, bremsstrahlung, ionization, and starlight 
IC losses act to counter this effect and preserve the radio luminosity of galaxies. The radio dimming 
of star-forming galaxies at high z is not just a simple competition between magnetic field energy 
density and the CMB energy density; the CMB must also compete with every other loss process. We 
predict relations for the critical redshift when radio emission is significantly suppressed compared to 
the z « FRC as a function of star-formation rate per unit area. For example, a Milky Way-like 
spiral becomes radio-faint at z sa 2, while an M82-like starburst does not become radio- faint until 
z « 10 — 20. We show that the "buffering" effect of non-synchrotron losses improves the detectability 
of star- forming galaxies in synchrotron radio emission with EVLA and SKA. Additionally, we provide 
a quantitative explanation for the relative radio brightness of some high-z submillimeter galaxies. We 
show that at fixed star formation rate surface density, galaxies with larger CR scale heights are radio 
bright with respect to the FRC, because of weaker bremsstrahlung and ionization losses compared 
to compact starbursts. We predict that these "puffy starbursts" should have steeper radio spectra 
than compact galaxies with the same star-formation rate surface density. We find that radio bright 
submillimeter galaxies alone cannot explain the excess radio emission reported by ARCADE2, but 
they may significantly enhance the diffuse radio background with respect to a naive application of the 
z « FRC. 

Subject headings: cosmic rays - galaxies: starburst - galaxies: magnetic fields - infrared: galaxies — 
radio continuum: galaxies - galaxies: evolution - submillimeter 



1. INTRODUCTION 

The radio and FIR luminosities of star-forming galax- 
ies are linearly correlated over three decades in lumi- 
nosity dyan dor Kruit 1971, 1973: dc Jong ct al.' [l98l 
iHelou etal. 1985; Condon 1992; ,Yun_etjl, 2001). This 
FIR-radio correlation (FRC) is driven by star-formation. 
Starlight emitted by young, massive stars in the optical 
and UV is reprocessed by dust into far-infrared radiation. 
At the same time, the supernova remnants of massive 
stars accelerate cosmic rays (CRs), which produce syn- 
chrotron radio emission in the galaxies' magnetic fields. 
The relation at z « is linear except in th e very low- 
est luminosity galaxies ([Condon et al.l 119911 : lYun et aTl 
[200lHBdll2003l) . Since the FRC has less than a factor of 
2 scatter in the local Universe, radio luminosity is often 
used as a tra cer of star-formation at both low a nd high 
redshift fe.g.. ICram|[l998HMobasher et al.lll999[ ). 

Although the FRC has been mainly studied in the 
low-z universe, there has been recent interest in un- 
derstanding how it applies to star-forming galaxies at 
high z. There have been several conflicting results ob- 
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servationally. A number of studies have found that the 
FRC holds unc hanged or with little evolution a t high 
redshifts (e . g.. lAppleton et al.l 120041: llbar et al.l l2008t 
Rieke et al.l 120091 : iMurphv et al.l I20q9al: lYoun ger et al.| 
Garn et al.|[ 20b9: Sar gent et al.ll2010l: ITv ison ct fd] 



2008; 



201C; 



Younger et 311120101 : IPersic fc Reph acli 2007 sug- 
gest radio-dim ULIRGs at high z). Submillimeter 
galaxies, how ever, seem to be r a dio-bright, by a fac- 
tor of - 3 (iKovacs e t all 120061: [Vlahakis et"al1 120071: 



Saiina et all [20 08: Mur phv et a"n[200 9a: Scv mour et all 
20091; [Murphv 2009; Michalowski ct al. 2009, 201 01). In 



partic ular. Murphy ct al. (2009a) and Michalowsk i et al.l 
Hooi) argue that their samples of submillimeter galax- 
ies are intrinsically radio bright with respect to the local 
FRC, with no significant contamination from radio bright 
AGN. 

In addition to the work on individual star-forming 
galaxies, there have also been new investigations into 
both the recently-resolved FIR and the unresolved GHz 
radio backgrounds. The FIR background was detected 
by COBE and has long been attributed to star-formation 
(see t he reviews by Hauscr & Dwck 2001; Lagachc ct aQ 
l2005f l. The star-formation origin of the FIR background 
was recently confir med by BLAST (Devlin et al'l l2009t 
iPascale et al.l I2OO90 . A detection of the extragalactic 
GHz radio background has also been recently reported by 
ARCADE2 (Fixscn ct al. 2009; Sciffcrt ct al. 2009). Pre- 
dictions for the strength of the diffuse radio background 
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from star formation rely on the FRC holding out to z ~ 
1-2 (e.g.. iHaarsma fc Partridgi 119981 : lOwek fc Barked 
l2002r) . where most star- formation occurs. 

In this paper, we describe how and why the linearity 
and normalization of the FRC are broken (or preserved) 
for different types of galaxies at high z. We describe the 
basic physics of our model and the elements of the high-z 
universe that physically allow the FRC to break down in 
§121 In §[21 we briefly describe our underlying procedure. 
In § [31 we discuss our results, providing predictions for 
when star-forming galaxies should be more or less radio 
luminous than the z « FRC suggests. We also summa- 
rize the implications of our predictions for radio emission 
as a star formation tracer in ii l4.3l and estimate the effects 
of radio-bright SMGs on the diffuse radio background in 

Throughout this paper, primed quantities denote the 
source's rest-frame and unprimed quantities are for the 
observer- frame . 

2. THEORY 

iLacki et al.l (|2009[ ) (LTQ) recently presented a theory 
of the FRC over its entire span at low redshift, from nor- 
mal galaxies like the Milky Way to the densest ULIRGs 
like Arp 220. 

The linearity and normalization of the FRC pro- 
vide strong constraints on the magnetic energy density 
in galaxies, which governs the strength of synchrotron 
losses. Indeed, the energy density of starlight in dense 
galaxies is so large that Inverse Compton losses alone 
shorten the CR electron and positron lifetime to ^ 10^ yr 
in galaxies like Arp 220 ([Condon et al.l 1 199 It) . The 
magnetic field in Arp 220-like starbursts must exceed 
mG for the cosmic ray electrons and positrons to ra- 
diate a large enough fraction of their energy in syn- 
chrotron emission to account for the observed GHz ra- 
dio emission. Such galaxies are likewise sufficiently 
dense that ionization and bremsstrahlung losses are also 
rapid. These considerations imply that the magnetic 
energy density must increase dramatically from nor- 
mal spirals to dense bright starbursts. The observed 
Schmidt law allows us to quantify these dependences 
since it connects the star-formation rate surface density 
(S]sfr)j which is proportional to the energy density in 
starhght {Ui, — F^/c oc Ssfr), t o the gas s u rface den- 
sity: SsFR « according to [Kennicutfl (|1998[) . or 

Ss FR C)C Sq '' according to iBouche et al.l (|2007t ). Using 
the lKennicufr^ ([19980 Schmidt Law, LTQ found that the 
magnetic field strength B must increase as i? oc l]0-6-o.8 
or B oc where Eg = 2p/i, implying almost a 

thousandfold increase in B from Milky Way-like galaxies 
to Arp 220-like ULIRGs. This strong dependence of B on 
the global properties of the galaxy is largely responsible 
for the radio emission from starbursts and is required by 
the existence of the FRC. It is also crucial to the physics 
of how the FRC is maintained or broken at high z. LTQ 
was unable to distinguish between the possibilities of B 
scaling with Eg and B scaling with p. 

LTQ found that over most of the range of the FRC, 
normal galaxies and starbursts are calorimetric. They 
are electron calorimeters, meaning CR electrons lose 
most of their energy before escaping. They are also UV 
calorimeters, meaning UV light is efficiently absorbed 



by dust and converted to FIR light. If CR electrons 
cool mainly by synchrotron losses, then the ratio of FIR 
emission to radio emission from primary CR electrons 
should be constant, since each is some fraction of the 
power released by star-formation. This i s the essence 
of calorimeter theory, first proposed by IVolkl (fT989l) . 
However, LTQ found that even in this strict calorimeter 
limit, LpiR/Lradio should decrease systematically by ~ 2 
from low surface brightness galaxies to dense ULIRGs. 
The critical synchrotron frequency causes this 'Vc ef- 
fect" : at fixed frequency, as the magnetic field strength 
increases with increasing surface density, lower energy 
electrons dominate the synchrotron emission because the 
synchrotron frequency of electrons, vci is proportional to 
E^B, where E^, is the electron energy. Since the injected 
CR spectrum is likely steeper than E^^, there is more 
power radiated at low energies. Thus, radio emission in- 
creases with surface density of gas and star formation, 
even including only synchrotron losses in the pure elec- 
tron and UV calorimeter limit. 

On top of calorimetry, LTQ proposed that two dif- 
ferent conspiracies combine to produce the linear FRC, 
each working in a different surface density regime. 
The "low-Eg conspiracy" arises as both UV calorime- 
try and electron calorimetry gradually fail at relatively 
low surface densities'* (Eg < 0.01 g cm"^; Esfr ^ 

0.06 Mq kpc~^ yr~*). Cosmic ray electrons escape dif- 
fusively without radiating all of their energy, decreas- 
ing the radio emission from the calorimetric expectation. 
However, some UV photons also escape without being re- 
processed into FIR by absorption. Quantitatively, each 
effect alters the luminosity by a factor of 5 in the 
very lowest surface density galaxies (Eg w 10"'^ g cm~^; 

Esfr ~ 0.001 - 0.002 M0kpc"Vr"*). Therefore, both 
the FIR and radio emission decrease roug hly equally , to 
maintain a constant iFiR/^radio (see also [Bell [2003f i. 

At the other extreme, high surface density com- 
pact starbursts have two completely different oppos- 
ing processes that affect the radio emission. Com- 
pact starbursts are expected to be proton calorime- 
ters: CR protons lose almost all of their energy through 
pion interactions with the dense ISM of starbursts, 
emitting 7-rays, neutrinos, and secondary electrons 
and positrons (Rcng ara jan 2005; Loeb & Waxman 200f^; 
[Thompson. Quataert7&:^axmanll2007l . LTQ). The sec- 
ondary electrons and positrons themselves emit syn- 
chrotron radio emission, and outnumber the primary 
CR electrons. Proton calorimetry therefore greatly en- 
hances the radio emission, all else being equal. Al- 
though escape losses are negligible in starbursts, syn- 
chrotron does compete with the other important cooling 
process es: Inverse Compton, bremsstrahlung, and ion- 
ization ([Thompson et al.ll2006l LTQ). These are particu- 
larly important in bright, dense starbursts, because they 
have very high gas densities and photon energy densi- 
ties. These other losses reduce the share of CR elec- 
tron and positron power going into radio by a factor of 
^ 10 — 20. Between the secondaries and the i^c effect 
increasing Lj-adioj and the non- synchrotron losses sup- 
pressing Lradio, a linear FRC correlation is produced. 
This is the "high-Eg conspiracy" of LTQ, and it operates 

4 1 g cm-2 = 4800 M0PC-2. 
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to produce a linear FRC even though these starbursts 
are completely calorimetric (for protons, electrons, and 
positrons) and escape losses are negligible. 

Galaxies at high redshift can be used to test the the- 
ory of the FRC presented in LTQ. At high z, we expect 
that both the low- and high-Eg conspiracies are unbal- 
anced for some galaxies. At low S^, the energy density 
of the CMB (C/cmb) competes with the energy density 
in both starlight and magnetic fields. CRs in galaxies 
face increasing losses from Inverse Compton since the 
CMB is stronger. Normal galaxies therefore should be 
radio dim, as Inverse Compton losses divert power from 
synchrotron. Starbursts, however, where CRs already 
face intense IC losses from starlight, sho uld not be af- 
fected exce pt at the highest redshifts (e.g.. lCondonlll992l : 
iCarilh fc Yu n 1999; Carilli et al. 2008). In this paper, we 
quantify how much the radio emission is dimmed by in- 
creased IC losses from the CMB as a function of z. 

On the other hand, high-z starbursts often have 
different morphologies than those observed of low- 
z ULIRGs. Local starbursts including ULIRGs are 
typically compact, with radii of a few hundred par- 
sees and vert ical scales heights of less than a hun- 
dred parsecs (jSolomon et al.lTr997t iDownes k, SolomonI 
|1998( ). These properties do not hold for submil- 
limeter galaxies (SMGs), very bright (L > IQ-^^L©) 
starbursts at z w 2 mostly powered by star- 
formation an d not AGNs (e.g., IPope et al.l 120061 : 
iVahante et all [20071 : iWatabe et all 120090 . SMGs 
are usually several kpc in dia meter (several times 
larger than low-z UL I RGs) (e.g.. IChapman et al. 2004;; 
Biggs fc Ivisoiil 120081: [Younger et al.l I2OO8I: llono et al'l 
20091 lYounger et al.ll2010l ). and have much lower sur- 
face densitie s than their low-z co unterpart s of the same 
luminosity ('Tacc oni et al.l l2006l but see [Walter et al.l 
[2009). Submillimeter galaxies have large random veloc- 
ities compared to thei r rotation speeds, implying scale 
heights oih \ kpc ([Tacconi et all [2006[ : [Genzel et al.l 
[20081 [Law et al.[[200l . At high redshift, we therefore 
must consider a class of puffy starbursts^, with Eg > 
0.1 g cm-2 (Egpp > 2 - 4 Mokpc"Vr"^) but scale 
heights oi h — 1 kpc, in addition to the h = 100 pc 
"compact starbursts" typical of local ULIRGs considered 
in LTQ. 

Importantly, puffy starbursts will have a smaller 
volume density for a given Eg and Esfr- Since 
bremsstrahlung, ionization, pion, and possibly syn- 
chrotron losses all depend on the volume density instead 
of surface density, these loss processes may all be weaker 
in puffy starbursts like SMGs. With these losses sup- 
pressed, the high-Eg conspiracy will become unbalanced, 
and the FRC can be broken. These starbursts can either 
be radio-bright or radio-dim, depending on their mag- 
netic field strengths. Since the scale height is so large and 
the volume density is relatively low for SMGs, we can de- 
termine whether B scales with Eg or p with these galax- 
ies, breaking the degeneracy in LTQ. Because Eg = 2ph, 
if B increases with p, then the magnetic field in puffy 
starbursts will be weak and synchrotron radio emission 
will be dim compared to compact starbursts with the 

^ We use the term "puffy" instead of "extended" to emphasize 
that the gas and star-formation is extended vertically as well as 
radially. 



same Eg. However, if B increases with Eg, the mag- 
netic field will be strong and synchrotron radio emission 
will be bright in puffy starbursts compared to compact 
starbursts with the same Eg. 

3. PROCEDURE AND ASSUMPTIONS 

We model galaxies and starbursts as uniform disks of 
gas, with scale height h, star formation rate surface den- 
sity^ EgpR, and gas surface density Eg. We solve the 
diffusion-loss equation to find the steady-state equilib- 
rium CR spectra in galaxies and starbursts. Injection, 
escape, and cooling losses all compete at each energy to 
determine the final CR spectrum (see LTQ for details). 

The relevant scale height is the height of the vol- 
ume in which CRs are confined and produce synchrotron 
radiation. Normal galaxies (Eg < 0.01 g cm~^ or 
SsFR ^ 0.06 M0kpc~^yr~^) have large radio halos with 
h ^ 1 kpc, which we adopt as the CR scale height, 
even though the gas disk is much thinner. Compact 
starbursts are much smaller, with h » 100 pc (e.g., 
[Solomon et"al[ [1997[: [Downes fc Solomod [l998[ ) : we use 
this as their scale height because they are probably 
good enough calorimeters to prevent most of the CR 
electrons/positrons from escaping out into the galactic 
haloes at high enough surface densities (Eg > 0.1 g cm^^ 
or Esfr > 2 - 4 Mokpc"^yr-i). The CR disk scale 
height for our prototypical puffy starbursts, the SMGs, is 
not yet directly measured, but it must be at least the gas 
scale height, if the star formation is distributed through- 
out the gas. The gas scale height fo r SMGs is kinemati- 
cally inferred to be 1 kpc (e.g. , [Tacconi et al.l [20061 : 
[Genzel et aL|[2008t [Law et al.l [20091 ) . which we adopt as 
the CR scale height of puffy starbursts. 

Our models span the entire observed range in Eg for 
galaxies and starbursts, from 0.001 g cm~^ to 10 g cm^^. 
Combined with the scale height. Eg determines the 
rate of injection, escape, and cooling at all energies. 
The total rate of injection per unit volume is propor- 
tional to the volumetric star-formation rate, Esfr/(2/i). 
The observed Schmidt law directly connects Eg and 
Esfr (SchmidtJ[1959D- We consider both Esfr oc E^ ^ 
(|Kennicutt .199^ h ereafter K98) and Esfr oc E^ '^ 
([Bouche et al.l [20071 hereafter B07), using the normal- 
izations given by K98 and B07 respectively. The B07 re- 
lation was explicitly derived for high- 2; galaxies, including 
SMGs. Protons and electrons are injected into our model 
galaxies with an energy spectrum E~P] in this paper, we 
use p = 2.2 in almost all cases. ^ 

Escape, synchrotron, Inverse Compton, 
bremsstrahlung, and ionization losses are included 
for electrons and positrons, along with escape, ion- 
ization, and pion losses for protons. Diffusive escape 
times are normalized to the Milky Way value, with a 
loss time of t^is E~^/'^. We also consider variants 
with advective escape, as in starburst super-winds. We 
assume that cosmic rays travel through gas with density 

^ In our models, the rest-frame bolometric luminosity from star- 
formation F' is directly proportional to SgFj^. The conversion 
factor is F' = 5.6 X lO^SsFR.oL© kpc"'^, where Sgppt is the star 
formation rate surface density in units of Mq kpc~'^ yr""'. 

^ The exception is the "Standard Model" from LTQ, which as- 
sumes p = 2.3. The slightly different p makes small quantitative 
differences, but does not change our conclusions. 
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f{n), where (n) is the mean ISM number density and 
1-0 < / < 2.0. The magnetic field is parametrized 
as B oc Eg or i? oc p", normalized by the Milky Way 
magnetic field strength. We searched for models that 
satisfy the local z w FRC for normal galaxies and 
compact starbursts. The CR proton spectrum is then 
normalized by Milky Way CR proton constraints. The 
parameters chosen for each variant are used to predict 
the FRC for puffy starbursts and at high z. 

In this paper, we consider several variants to get a sense 
of how the FRC varies with redshift: 

• The LTQ standard model, with no winds, B ocYlg, 
and the K98 star-formation relation. 

• The LTQ model with winds of 300 km s^^ in star- 
bursts (Eg > 0.1 g cm-'^), B oc p", and the K98 
star-formation relation. 

• A variant with no winds, _B oc Eg, and the B07 
star-formation relation. 

• A variant with winds of 300 km s~^ in starbursts 
(Eg > 0.1 g cm-2), B cx E^, and the B07 star- 
formation relation. 

• A variant with winds of 300 km in starbursts 
(Eg > 0.1 g cm-2), B cx p'^, and the B07 star- 
formation relation. 

We show in Table [T] that we can reproduce an acceptably 
linear local FRC for each variant. We are able to adopt 
parameters consistent with Milky Way-derived CR pro- 
ton constraints such that ixiRZ-^radio varies by a factor 
of 1.7 - 2.2 from normal galaxies to compact starbursts. 
This variation is c onsistent with th e factor of ~ 2 scatter 
in the FRC* (e.g.. lYun et"alll2001[ ). As in LTQ, the need 
for a linear local FRC strongly constrains the magnetic 
field in galaxies to scale as either y,o.7-q.8 q^. ^0.5-0.6 ^ggg 

The dependence of the FIR emission at a given wave- 
length is beyond the scope of this paper, since it depends 
on the exact SED of the FIR emission in the galaxy. In- 
stead, we simply use the Total Infrared (TIR) emission, 
assuming it is all of the UV light re processed by the dust , 
and use ixj^ as a proxy for ipjj^. ICalzetti et al.l ()2000f ) 
estimate that i^iR ~ l-'^^Lpjj^, a co rrection we apply 
to the local value of ipiR/^radio from lYun et al.l (|2001[ ) 
to find the normalization of -^xiR/^radio at z « (see 
LTQ).^ We assume that the total TIR emissivity (de- 
fined here as luminosity per volume) has been measured 
and corrected for redshift to its rest-frame value, eJpjp;. 
We can also calculate the observable quant ity qpm as 
logio(iTiR/iradio) - 3.67 (iHelou et al.l ll985h. 

* The biggest exception is the variant with B oc Eg and winds, in 
which the winds invariably make electron escape too efficient when 
Eg = 0.1 g cm-2 (SsFR ~ 4 Mq kpc~2 yr'^ with B07), sup- 
pressing its radio luminosity (see the detailed discussion in LTQ, 
Appendix A. 2). We are unable to find any parameters where the 
variation in Lij,^^/ L'^^^ is less than 2.0, but we consider a varia- 
tion of 2.2 adequate for this paper's purposes. 

^ When calculating the q'pi^ observable defined in IHelou et al.l 
||T985|) . we then divide our calculated ipu^ by ^xir/^fir *° S^t 
the true FIR luminosity. However, we do not account for different 
^tir/^fir values for normal galaxies or SMGs. 



For the radio emission, we calculate both the rest- 
frame radio emissivity ej-adio rest ~ ^'^'ui^') where v' — 
1.4 GHz, and the rest-frame radio emissivity as estimated 
by an observer using a k-correction. Note that we are not 
actually trying to calculate the specific flux in the ob- 
server frame, but instead what an observer will infer for 
the rest-frame flux after using a k-correction^": the rest- 
frame fiux is what matters when we are considering the 
true, intrinsic evolution of the FRC. Hence, although the 
specific fiux in the observer-frame will have a bandwidth 
compression factor, we assume the observer will take 
it back out to get the inferred rest-frame specific flux. 
To calculate the observer-inferred rest-frame emissivity 
at rest-frame frequency v' = 1.4 GHz, we start with 
v'e'^{v'^^^^), where v'^^^^ = (1 + z)^ and ly = v' = 1.4 GHz. 
Since the synchrotron spectra are typically expected to 
fall off as oc z^'""-^ from observations of local star- 
forming galaxies, the radio luminosity can be k-corrected 
by multiplying by (1 -I- z)"'^. We therefore calculate 
<adio,i„f = f''4(f"obs)(l + ^)°'^ which we wiU refer to as 
the "inferred" radio emissivity. The ratio of the TIR and 
radio luminosities ^TiR/^radio is then eTiR/<adio,rest in 
the rest frame, and would be inferred to be ExiR/^radio inf 
in the rest-frame by observers. 

4. RESULTS & DISCUSSION 
4.1. The Evolving FIR-Radio Correlation 

We show the rest-frame FRC for our model with 
B oc Eg-^, the B07 star-formation law, and no winds, 
in Figure [1] (left panel) as an example. The solid dark 
red line is the z = FRC. All solid lines assume that 
starbursts are compact, with h = 100 pc. It is clear 
from Figure [T] that compact starbursts show little evolu- 
tion in the FRC, while low surface density galaxies have 
lower radio luminosities at high redshift. This behav- 
ior is robust in all of the variants. The cause of evolu- 
tion in the FRC is Inverse Compton losses off the CMB 
for CR electrons and positrons. Figure [5] {left panel) 
shows that the FRC should display relatively little evo- 
lution out to z w 1, except for the lowest surface bright- 
ness galaxies. However, normal galaxies have suppressed 
synchrotron radio emission at z « 2, a factor of ^ 2 
for Eg = 0.01 g cm~2 (^^^^^ ^ g.Oe Mq kpc"^ yr^i) 
and of order 10 for Eg = 0.001 g cm"^ (Esfr « 
0.001 - 0.002 Mq kpc"^ yr"^). The radio luminosi- 
ties continue to fall with redshift. At z w 5, IC off 
the CMB starts to matter even for the weaker starbursts 
(Eg = 0.1 g cm-2; Sgpp w 2-4 M© kpc"^ yr"!). Dense 
starbursts (Eg = 10 g cm^^. j-^^^^ ^ qqq y^^ kpc~^ yr^^ 

for the K98 law or 9000 Mq kpc"^ yr^^ for the B07 law) 
remain on a linear FRC even at z ~ 10. 

The strong cooling from bremsstrahlung, ionization, 
and IC off starlight implied by the high-Eg conspiracy 
(§[2|) acts as a buffer against IC losses off the CMB. Sim- 
ilarly, diffusive escape provides a similar buffering effect 
in low-Eg galaxies, so that the increased IC losses off 
the CMB does not suppress the radio emission quickly. 

The situation is essentially the same as an observer measuring 
the radio flux of a 2 = galaxy at 2 GHz and trying to infer the 1 
GHz flux by using the spectral slope. The observer has an observed 
radio flux at 1.4 GHz, and can easily calculate the rest-frame flux 
at 1.4 (1 + z) GHz flux, but wants the rest-frame flux at 1.4 GHz. 
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Fig. 1. — The FIR-radio correlation at high redshift, in the rest-frame, using the B07 star formation law. On left is the case with 
B oc 2^-^ and no winds; on right, the case with B oc p'^-^ and winds. Solid lines have h = 100 pc for starbursts (Eg > 0.1 g cm~^; 

^SFH, > 2 — 4 Mq kpc"'^ yr~^), while dotted lines have h = 1 kpc for starbursts. Both panels show that a linear FRC is produced at 2 = 
with the correct normalization. Galaxies become radio-dim at high redshift as IC losses off the CMB increase. Note that in each case the 
puffy starbur sts d o not lie on the same FRC as compact starbursts: there is a systematic offset caused by the unbalancing of the high-Sg 
conspiracy 14.21 1. We do not include thermal radio emission, which will set a minimum radio luminosity or maximum <?pjj^ at each Sg. 



In other words, most of the power from IC scattering 
of CMB photons does not come at the expense of syn- 
chrotron, but of other losses. The radio dimming can- 
not be described by a simple competition between mag- 
netic field energy density and the CMB energy density; 
the CMB energy density must also compete with ev- 
ery other loss process. The buffering actually serves 
as an important test for both conspiracies described in 
§ [2j In high-Sg galaxies and starbursts, we predict 
that bremsstrahlung, ionization, and Inverse Compton of 
starlight already take a large portion of a GHz electron's 
energy budget; hence, the high-Eg conspiracy works to 
hold ixm/ -^radio constaut out to quite high redshift. The 
buffering essentially doubles the redshift that compact 
starbursts remain on the FRC; the weakest starbursts 
(Eg - 0.1 g cm-2; Egpj^ « 2 - 4 Mq kpc^^ yp-i) 
are radio-dim by a factor of 3 at z = 10 with buffer- 
ing, instead of z = 5 without the buffering. In low-Eg 
galaxies, electrons and positrons can easily escape before 
they lose energy to Inverse Compton off the CMB at low 
enough z; thus, the low-Eg conspiracy also works to hold 

-^TIR/^radio COUStaut. 

The suppression due to IC losses off the CMB seen in 
Figure [1] can be estimated by examining the ratios of the 
synchrotron cooling time to the total loss time, including 
both escape and cooling losses. In Appendix|3 we derive 
the ratios of loss times and we show that for a given 
Schmidt law, a critical redshift z^iit can be defined for 
each Eg and EgpR at which radio emission is suppressed. 
We define Zcrit to be the redshift when the rest-frame 
radio luminosity at = 1.4 GHz is suppressed by a 
factor of 3 compared to z = 0. For our model with the 
B07 star-formation law, no winds, and B cx E^^, we find 



the critical redshifts are approximated as 

{1.4 (Normal galaxies, Esfr < 0.02) 

5.8Ep3 _ 1 (Normal galaxies, Esfr > 0.02) 
5.7E|p23 _ 1 (Puffy starbursts) 
7.4Egp{^ - 1 (Compact starbursts), 

(1) 

where Esfr is in units of M© kpc ^ yr ^. We refer the 
reader to Appendix |X1 where we present similar relations 
for our other models of the FRC. 

We note that the radio suppression could, conceivably, 
be used to measure the temperature of the CMB at high 
redshift. In principle, this method could apply to any 
galaxy with a radio and FIR detection. However, the 
conspiracies would have to be accounted for, and they 
are affected significantly by both the gas surface density 
Eg and scale height h (see § I4.2|) . Any measurement of 
the CMB temperature would depend on assumptions of 
the galaxy properties and would be model-dependent. 

As Figure[2] (rz(;/ii panel) shows, the inferred rest-frame 
values of -^TrnZ-^radio show additional apparent evolu- 
tion, simply because the spectral slopes of the galax- 
ies are not exactly 0.7. Compact starbursts have flatter 
spectra^^ with a « 0.4 — 0.6 at 1.4 GHz, so by adopting 
a = 0.7 they appear to become slightly radio brighter un- 
til z w 1, after which at higher frequencies their spectra 
steepen, and their radio emission appears to dim again 
at higher z. Normal galaxies have steeper spectra with 
a ~ 0.9 — 1.0 at 1.4 GHz, so their apparent radio lu- 
minosity sinks below their true radio luminosity at high 

In this paper (unlike LTQ), a' = ^j°g^'/ a^nd a = 

are instantaneous spectral slopes, not the measured spectral slopes 
between two observed frequencies, unless otherwise noted. 
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Fig. 2. — The evolution of the FIR-radio correlation, both in the rest-frame at v' = 1.4 GHz {left panel), and as inferred for the rest-frame 
from observations at u = 1.4 GHz {right panel). Black lines have h = 100 pc for starbursts, wrhile grey lines have h = 1 kpc for starbursts. 
Both panels show the case with B <x Sg-'^, no winds, and the B07 star-formation law. Normal galaxies become radio dim because of IG 
losses off the GMB at intermediate redshift. Both compact and puff y starbursts maintain their rest-frame radio luminosities until high 
redshift. All galaxies are "buffered" by non-synchrotron losses 14.11 and Appendix , so that the evolution is not as great as would be 
expected with only synchrotron and IG losses off the GMB. The inferred evolution is usually greater than the rest-frame evolution, because 
normal galaxies and puffy starbursts have a > 0.7. 



redshift. 

At higher redshifts, our models predict that galaxies 
have intrinsically steeper radio spectra, because of in- 
creased IC losses from the CMB. The rest- frame spec- 
tral slope a' of normal galaxies at 1.4 GHz and asymp- 
totes at~l.lby2;R:!2 — 3, when losses are dominated 
by IC for our injection spectrum of CRs with p = 2.2. 
There is much less intrinsic rest-frame evolution of star- 
burst radio spectra; even at z « 5, a' increases only by 
0.1 for the weakest compact starbursts. The observable 

"^eio MHz ^^"-"^^ much more pronounced evolution with 
redshift for starbursts, increasing by 0.1 to z w 1 — 2, 
and 0.2 to z w 4 — 5. This effect arises simply because 
we predict the CR electron and positron spectra steepen 
with rest-frame freque ncy as synchrotron and IC losses 
become stronger (e.g.. [Thompson et al.ll2006l LTQ): at 
higher redshift and fixed observing frequency, we are see- 
ing higher energy electrons and positrons. 

An important effect that we do not consider is the ther- 
mal free-free radio emission. This will set a minimum to- 
tal observed radio emission that is directly proportional 
to the star-formation luminosity. Thus, the true total ra- 
dio deficit at GHz will not be as big as the synchrotron- 
only deficits plotted in Figures [T] and [5J Thermal free-free 
emission will also fiatten the spectrum, especially at high 
frequencies. However, free-free emission is much fainter 
than the synchrotron luminosity at GHz f requencies, ex- 
cept in the faintest star-forming galaxies (|Condonlll992l : 
IHughes et an[2006h . 

4.2. The Radio Excess (or Deficit) of Puffy Starbursts: 
Suhmillimeter Galaxies 



As shown in Figure [TJ puffy starbursts fall on a lin- 
ear FIR-radio correlation of their own (dotted lines) , 
in line with observat ions of SMGs (jKovacs "eTall [20061: 
iMurphv et al.l l2009aD . The radio luminosity of these 
galaxies is nonetheless the result of a conspiracy, between 
IC losses on starlight, which decrease the radio lumi- 
nosity, and the enhanced radio emission from secondary 
electrons and positrons, and the vc effect (§[21). The vari- 
ation in iTm/^radio ^'^'^ Puffy starbursts alone is usually 
less than a factor of 2 over the range 0.1 g cm^^ < < 
10 g cm~^ (see Table (TJ in most variants the variation 
is ^ 1.6). Like compact starbursts, escape plays essen- 
tially no role in most of the models, except that winds 
can slightly decrease the radio emission in relatively ten- 
uous Eg ^ 0.1 g cm-2 (SsFR w 2 - 4 Mq kpc"^ yr^^) 
starbursts (footnote |5|) . 

4.2.1. B oc E^-^"" *; Radio-Bnght Puffy Starbursts 

It is plain from Figure [1] (/e/t panel) that the normal- 
ization of the puffy starburst FRC (dotted lines) is differ- 
ent than the FRC of the compact starbursts and normal 
galaxies (solid lines) when B oc S^ ''. We show in Ta- 
ble [T] that models with B oc 5]0-7-o.8 jj^^ye radio-bright 
puffy starbursts compared to the observed local FRC, 
by a factor of 2 — 4 at z = 0. Like the compact star- 
bursts, puffy starbursts show little rest-frame evolution 
in -^Tm/^radio' Gxccpt at relatively low surface densities 
(Sg = 0.1 g cm-2; SsFR « 2 - 4 Mo kpc"^ yr"!), where 
they become radio dim at high redshifts because of IC 
losses on CMB photons. Therefore, we predict that puffy 
starbursts, which are mainly observed at high z, have in- 
trinsically different radio properties not caused by their 
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redshift. 

We propose a natural explanation of this radio excess 
in the framework of LTQ (§[!]). In dense starbursts, 
protons are efficiently converted into secondary electrons 
and positrons through inelastic proton-proton scatter- 
ing, which contribute to the synchrotron emission. Fur- 
thermore, the vc effect increases ixiR/^radio f'^'" star- 
bursts which have larger B. Compact starbursts lying 
on the z = FRC balance these effects with increased 
bremsstrahlung, ionization, and IC losses, which compete 
with the synchrotron losses and suppress the excess radio 
luminosity (§[2])- In puffy starbursts with relatively low 
volume densities compared to their compact cousins at 
fixed Eg, however, bremsstrahlung and ionization are not 
strong enough to compensate for these effects. Only syn- 
chrotron and IC losses remain, upsetting the conspiracy. 
The radio excess predicted by this picture is systemati- 
cally greater when using the K98 star-formation relation, 
because the IC loss rate on starlight is smaller at fixed 
surface density by a factor of 2.5 to 11 from weak star- 
bursts to the densest starbursts. This freedom to vary 
the radio-excess with B does not exist in the standard 
calorimeter model, where all CR electron/positron en- 
ergy goes into synchrotron emission, and the radio emis- 
sion saturates. The balance between synchrotron and the 
other forms of cooling can be changed in starbursts to al- 
ter the normalization of the FRC, even though escape is 
negligible. 

There is a reason to expect our allowed B oc l]|j-7-o.8 
specifically: radiation pressure may drive turbulence and 
enhance the magnetic field until its energy de nsity is com- 
parable to radiation (e.g., lThompsonll2008D . If the K98 
relation holds, then since the magnetic energy density 
scales as Ub oc ?7ph, B oc E^'', and if the BOS relation 
holds, then B oc This explanation is more prob- 

lematic for the B07 relation and B oc E°-^. However, 
while we assume that there is a parametrization for B 
that applied to both compact starbursts and puffy star- 
bursts, the radio excess should arise more generally. The 
radio excess arises simply because synchrotron cooling 
time is shorter than the bremsstrahlung and ionization 
cooling times in puffy starbursts, but longer in compact 
starbursts at fixed S^: at fixed z/', ibrcms oc oc h/Tig 
and tion oc B-i/2„-i ^ h/ [B'^/'^T.g). We therefore ex- 
pect there to be a radio excess with respect to the FRC in 
any puffy starburst with a strong enough magnetic field, 
with the exact enhancement depending on magnetic field 
strength because of the remaining competition, after ion- 
ization and bremsstrahlung are sub-dominant, from the 
IC losses on starlight. 

However, we have scaled B to the total Milky Way magnetic 
field strength of 6 /iG near the Solar Circle. If most of the magnetic 
field strength in starbursts is driven by turbulence, perhaps scaling 
to th e disordered Galactic magnetic field strength (~ 2/iG; IBecld 
[20011) near the Solar Circle would make more sense, because the 
ordered magnetic field arises from a different process. The lower 
normalization for B then would partly compensate for the steeper 
dependence on Eg. 

If the magnetic field strength does not go very roughly as 
B oc S^'^, however, there will be more scatter in LL,„/L' .. for 

g ' ' TIR/ radio 

puffy starbursts at fixed h and z. SMGs would not form their 
own FRC if B was the same for all SMGs regardless of Eg, or if 
B increased very steeply with Eg, because there still must be a 
conspiracy with IC losses off starlight. Since SMGs do appear to 
form their own FRC Ce.g.. lMurphv et al.ll2009al : IMichalowski et all 



Our results imply that a moderate radio excess at the 
factor of ~ 3 level alone is not a safe indicator of the 
presence of a radio-loud AGN, especially at high red- 
shifts where SMGs are observed. While radio excess 
with respect to the local FRC has been sug gested as a 
selection criterion for radio- loud AGNs (e .g., lYun et al.l 
120011: lYang et al.l l2007t ISaiina et al]|2008[ ). our models 
with imply that qfir « 1-7 - 2.0 for puffy star- 

bursts powered by star-formation alone. A radio excess 
is inexplicable in our models only when the source is an 
order of magnitude brighter (qfir ^ 1-5) in the radio 
than predicted from the FIR emission. While SMGs are 
relatively rare and may not be a problem in small sam- 
ples, we recommend that other means be used to be sure 
that the radio-excess is caused by an AGN, such as a flat 
radio spectrum, radio morphology, mid-I R colors, or the 
presen ce of strong X-ray emission (see also lMurphv et aP 
I2009al) . 

4.2.2. B oc Radio-Dim Puffy Starbursts 

A magnetic field dependence of B oc appears t o 
hold for Galactic molecular clouds (e.g.. ICrutcheij [19991 ), 
and LTQ found that the FIR-radio correlation was con- 
sistent with this magnetic field dependence. The exis- 
tence of galaxies with different scale heights allows us to 
distinguish the two possibilities for magnetic field scal- 
ing. If i? oc Eg, then the magnetic field strength will be 
the same for all galaxies with the same Eg, regardless of 
scale height. In models with B oc p0-5-0-6^ i-,y contrast, 
the magnetic field strength is weaker in puffy starbursts 
than in compact starbursts with the same Eg. 

As seen in Figure [1] {right panel, dotted lines), puffy 
starbursts again form their own FRC. In models with 
B oc they are radio dim compared to the z w 

FRC. We show in Table [T] that the normalization of the 
FRC is radio-dim by a factor of ^ 1.2 — 2.0. 

We can explain this in the LTQ theory of the FRC as 
well. The magnetic field strength must increase more 
slowly with p than with Eg to reproduce the z « 
FRC, because h oc Eg/p is 10 times smaller in com- 
pact starbursts than normal galaxies and puffy star- 
bursts. Compact starbursts are highly compressed with 
respect to normal galaxies, so they have strong magnetic 
fields and synchrotron radio emission is strong enough to 
compete with the other losses. Puffy starbursts are not 
compressed, so that their magnetic fields are weak and 
synchrotron losses cannot keep up with IC losses, nor 
with bremsstrahlung and ionization as 1.4 GHz emission 
traces ever lower electron energies at higher magnetic 
field strengths. Puffy starbursts therefore turn out to be 
radio dim compared to compact starbursts on the z « 
FRC, if B oc pO-5-0-6 before, the B07 star-formation 
relation predicts greater IC losses and therefore weaker 
radio emission. 

Because of the claims in the literature that SMGs are 
radio bright, we do not favor these models. The sug- 
gested relative radio brightness of high-z SMGs therefore 
provides some evidence that, in fact, B oc Sg-^^"-^ rather 
than B oc pO-5-o.6^ However, the matter of whether high- 
z SMGs are in fact radio bright is not yet settled. Al- 

120091 ) ■ this could be evidence specifically that their magnetic field 
strengths increase with Eg (or p). 
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though LTQ concluded that B must increase dramati- 
cally from normal galaxies to dense starbursts (§[2]), they 
were unable to distinguish between these two possibili- 
ties with the z ss FRC alone. For this reason, high-z 
starbursts and their qualitatively different morphologies 
compared to those at z ~ can distinguish theories of 
the FRC. 

4.2.3. Spectral slopes 

A prediction of all of our variants is that puffy star- 
bursts like submillimeter galaxies should have steep non- 
thermal radio spectra, with a w 0.8 — 1.0 (see Tabled]). 
The steep spectra are caused by strong synchrotron cool- 
ing in the B oc yP^ "^-^-^ case and the relatively stronger 
IC cooling off starlight in the B oc pO-^-O-^ case. In gen- 
eral, puffy starbursts should have roughly the same a 
as normal galaxies in the local universe, which tends to 
be somewhat higher (a « 0.7 — 1.0) than in compact 
starbursts (a < 0.7). The slope should hold even out to 
extremely high Eg, as long as starbursts are puffy. In 
contrast, we find that a ~ 0.5 in compact starbursts, 
because of efficient ionization and bremsstrahlung losses, 
which flatten the equilibrium CR spectrum because of 
their energy dependence. As we note in LTQ, our pre- 
dicted spectral index for normal galaxies is somewhat 
too high, and this difference in a may carry over to the 
puffy starbursts. However, the significant difference in 
a between compact and puffy starbursts should remain 
as a general prediction of our model: compact starbursts 
should have flatter spectra than puffy starbursts. 

The high spectral slopes can be observed either with 
direct measurements of multifrequency data of individ- 
ual submillimeter galaxies, or with single frequency ob- 
servations at a variety of redshifts. There are relatively 
few measurements of a for submillimeter galaxies s pecifi- 
cally ; faint radio sources have a ~ 0.5 — 0.7 (Huv nh et al.l 
l2007t iBondi et alll2007f ). though t hat sample includes 
both compact starbursts and AGNs. ISaiina et al.l ()2008f ) 

do find that "gfo ^Ik ~ ^'^ ^MGs, comparable 
to our predictions. They also find that submillime- 
ter galaxies have a r adio-excess , in ag reement with Fig- 
ure [H More recently, llbar et all ()2010l ) found an average 

a^'^ ?/rTj ~ 0.75 ± 0.06, which is somewhat flatter than 
610 MHz ' 

our models. These spectral slopes are not different from 
normal star-forming galaxies, but are not iceably steeper 
than local ULIRGs (jClemens et al.ll2008D . However, we 
do not account for free-free absorption, which probably 
flattens th e spectra of local UL IRGs like Arp 220 at low 
frequency (jCondon et al.lfTQQll) . and is not well under- 
stood in SMGs. 

Since puffy starbursts have steeper spectra than com- 
pact starbursts, we expect their inferred -Z^xm/^radio ^^^^ 
increase with redshift: if the true radio spectral slopes of 
SMGs are greater than the assumed a by Aa, they will 
appear to become radio dimmer by a factor (1 -I- z)^", 
or up to ~ 40% at z = 2. 

In Figure |3l we show the expected radio synchrotron 
spectra of starburst galaxies, without correcting for ther- 
mal absorption or thermal emission. At a rest-frame fre- 
quency of 1 GHz, puffy starbursts (dashed) have steeper 
radio spectra than compact starbursts (solid) . Note that 
at high frequencies (v' > 10 GHz), the ratio of the radio 
luminosities per unit star formation of the compact and 




v [GHz] I/' [GHz] 



Fig. 3. — The rest-frame synchrotron radio spectra of starbursts 
with Sg = 1 g cm~^, using the B07 star-formation law. Puffy 
starbursts are dashed, while compact starbursts are solid. These 
spectra do not include thermal absorption (at low frequencies, < 
1 GIfz) or omission (at high frequencies, > 30 GHz). 

puffy starbursts asymptotes to a value set by the ratio of 
U B and C/ph in these starbursts. At these high frequen- 
cies, only synchrotron and IC cooling are effective, and 
IC cooling would be the same for puffy and compact star- 
bursts because of the Schmidt Law (§ H]). For i? oc Eg, 
C/s is the same for puffy and compact starbursts, but for 
B (X p"^, puffy starbursts have much smaller Ub- Thus, 
measurements of the synchrotron radio emission of SMGs 
at high v' could determine the magnetic field strength of 
SMGs and determine which scenario applies. 

Of course, there are unlikely to be two perfectly dis- 
tinct populations of compact starbursts and puffy star- 
bursts. Instead, there may be a continuum varia- 
tion in scale heights from tens to thousands of par- 
sees. We would then expect to see a larger scat- 
ter, both in ixiRZ-^radio ^.nd a, in a full sample of 
both the most compa ct and the most puffy starbursts. 
iMurphv et al.l ()2009al ) find that submillimeter galaxies 
do h ave a larger s catter in Qxir than other galaxies. How- 
ever, llbar et all (|2010( ) find a relatively small scatter of 
~ 0.3 in SMG radio spectral index. Importantly, for 
larger h, both ixiRZ-^radio ^"^^ ^' asymptote as CR elec- 
tron and positron losses are entirely determined by syn- 
chrotron and IC; h fa 1 kpc starbursts are already near 
this limit. In other words, for arbitrarily large h, the ra- 
dio excess with respect to the z « FRC asymptotes to 
a value of ^ 5 — 10, depending on the assumed Schmidt 
Law, and the radio spectral slope asymptotes to ^ 1.1 
for p = 2.2. 

4.3. Synchrotron Radio Emission as a Star- Formation 

Tracer 

Relying on the FRC, a number of studies have used 
the GHz radio emission as a tracer of star- formation 
(e.g., ICramI 119981 : iMobasher erallll999t iHaarsma et"all 
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Fig. 4. — The relationship between the inferred rest-frame ra- 
dio emission and star-formation, using the B07 star formation law, 
B oc Egp„, and no winds. Solid lines have h = 100 pc for star- 
bursts, while dotted lines have h = 1 kpc for starbursts. A flat 
line would indicate that radio emission is directly proportional to 
SsFR. Wc see that at low Eg, the radio flux underestimates the 
star-formation rate even at z = 0, because of CR electron escape 
(the low-Sj conspiracy of §[2]l. The radio flux overestimates the 
star-formation rate for puffy starbursts, because the high-Sg con- 
spiracy is unbalanced {§[2] ij 14.21 1. Finally, the radio emission is 
suppressed at high redshift, partly because of IC losses off the 
CMB, and partly because a > 0.7 for puffy starbursts and normal 
galaxies (a = 0.7 assumed here for the k-correction) . 

200^ 'Cari lli et al.l[2008l: iSevmour et a L"2008': 'Gar n et alJ 
2009). Radio emission has the advantage that it is 
unaffected by dust obscuration, making it potentially 
very useful in starbursts, and the refore for m ost of the 
star- formation at z > 1 (e.g., IChary fc Elb az 2001; 
Le Floc'h ct al." 2005: Dole et all 120061: iMagnelh et alJ 
2009; Pas cale et al. 20091 ). Our models let us evaluate 
the theoretical basis for radio as a SFR indicator at all 
redshifts. We show the predicted radio emissivity as a 
function of star formation in Figure |4l 

At low surface densities (Eg < 0.01 g cm~^; Ssfr ^ 
0.06 Mq kpc~ yr~^), synchrotron radio has a non-linear 
dependence on star-formation at all redshifts. The weak 
radio emission is caused by ele ctrons escaping their host 
galaxies, as inferred by I Belli ([2003) and discussed in 
LTQ. That is, normal galaxies are not perfect electron 
calorimeters, so the radio emission is not a reliable star- 
formation tracer at low Ssfr- At higher redshift, syn- 
chrotron emission is diminished by Inverse Compton off 
the CMB. For a Milky Way-like galaxy, we find that radio 
is a good star- formation tracer at z < 1, but underesti- 
mates it significantly by z > 2 (eq. [1]). Already galaxies 
with star formation rates similar to Galactic levels are 
beginning to be o bserved in the radio at high redshift 
()Garn et al.ll2009l ). so that the IC suppression may soon 
be observed. However, IC losses off the CMB should not 
be important even in the weakest starbursts until z > 4, 
as is also visible by the redshift evolution of the FRC in 



Fig. 5. — The observed 1.4 GHz synchrotron radio flux per unit 
star-formation as a function of redshift, using the B07 star forma- 
tion law, B oc Soi,, and no winds. EVLA will have a sensitivity 
of ~ 1 fj,]y and SKA will have a sensitivity of ~ 20 njy. 

Figure [H 

Radio emission does grow linearly with star-formation 
rate between normal galaxies with Eg = 0.01 g cm~^ 
(at z < 2) and compact starbursts. Therefore, it serves 
as an acceptable star-formation indicator for these galax- 
ies. However, if B oc puffy starbursts like SMGs 
have about 2 — 4 times the radio emission at any given 
star-formation rate than compact starbursts. Therefore, 
we expect that if S oc E^-^^*^'^, the usual radio emis- 
sion estimate based on the z « FRC will overesti- 
mate their star formation rates by a factor of ~ 2 — 4. 
The excess is greatest at Sg « 1 g cm~^ corresponding 
to EsFR « 40 - 200 M0kpc"^yr-\ typical of observed 
SMGs. Among the puffy starbursts themselves, the radio 
emission grows linearly with star-formation rate. If in- 
stead B oc the radio emission will underestimate 
the star-formation rate. However, because the SMGs lie 
on their own FRC, there is little real redshift evolution 
in the radio emissivity of puffy starbursts, because of the 
buffering provided by IC losses off starlight (see § 14.11 
Appendix . 

Assuming a spectral slope a — 0.7 will also underesti- 
mate the radio emissivity, since these galaxies can have 
steep radio spectra. This explains the apparent evolution 
with z of puffy starbursts in Figure |4l we have applied a 
k-correction using a typically employed a = 0.7 when, in 
fact, the true synchrotron spectra are steeper. If the ra- 
dio star-formation tracer could be calibrated to the spe- 
cial conditions in puffy starbursts like SMGs, taking into 
account their different scale height, radio emissivity, and 
spectral slopes, we predict that radio would be a more 
accurate star-formation tracer for them. 

We can also directly calculate the observed GHz radio 
flux density Si, from synchrotron emission of star-forming 
galaxies. We show the predicted flux density per unit 
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star- formation at observer- frame 1.4 GHz in Figure [5l 
Surveys with the Expanded Very Large Array (EVLA) 
will have a continuum sensitivity of 1 /^Jy at frequen- 
cies of 1 - 50 GHz, and it should be able to directly detect 
galaxies with > 0.01 g cm~^ and star-formation rates 
of 1 M f7^ yr~^ out past z k, 0.5. As stated in iMurphvl 
(|2009t) . a starburst like M82 with SFR w 3 Mg yr"! wih 
become undetectable past z w 1. However, the buffer- 
ing effect we emphasize in this paper preserves the radio 
emission of dense starbursts at high z, so that bright star- 
bursts will be detectable further: starbursts with SFR 

> 100 Mq yr-i win be detectable with EVLA at 1.4 GHz 
out to z 4 — 5 and the most intense starbursts (SFR 

> 1000 M© yr-i and > 1 g cm" 2) will be d etectable 
out p ast z « 10 in synchrotron emission. IMurphvl 
()2009| ) predicts the Square Kilometer Array (SKA) will 
be sensitive to star-forming galaxies with flux densities of 
~ 20 nJy. If this sensitivity is attained, then Milky Way- 
like galaxies (Sg w 0.01 g cm^^; SFR w 1 Mq yr"!) wiU 
be directly detectable at 1.4 GHz in synchrotron emission 
out to z w 2, and starbursts with SFR w 1 Mg yr^^ will 
be detectable at 1 GHz beyond z « 3. Even at z ~ 10, 
the synchrotron emission of dense, compact starbursts 
(Eg > 1 g cm"2) with SFR greater than 10 Mq yr"^ 
should be detectable at 1.4 GHz with SKA (models with 
B (X pO-5-0-6 ]-^ave radio-dim puffy starbursts, and these 
are detectable at z = 10 with the SKA only for SFR 
greate r than 20 — 60 M© yr~^). By contrast, IMurphvl 
()2009() found a sensitivity of 25 M© yr~^, based on the 
free- free emission; this limit will apply to normal galaxies 
and weak starbursts where the synchrotron emission is 
suppressed. These sensitivities assume that natural con- 
fusion, in which radio sources overlap, will not hamper 
the SKA; estimates for the natural confusion limit vary 
from nJy to jxjy levels fe.g. . lJackso3l2004 ICondonll2009l: 
[Murphy 2000 ). 

SKA and EVLA will also have good spectral coverage, 
which may help measurements of the spectral index. If 
a galaxy i s detected at S cr (~ /xJy for EVLA and 20 nJy 
for SKA; IMurphvl l2009l ) at two different frequencies v\ 
and V2 with 1^2/2^1 = 5, then a\ can be constrained to 
~ 0.1-0.15 at the Icr level. EVLA will be better at 
high observer-frame frequencies (1 - 50 GHz). A problem 
for the EVLA will be the increasing fraction of thermal 
emission, which is expected to dominate the emission of 
starbursts at v' k. 30 GHz. EVLA will therefore not 
easily measure the nonthermal spectral indices of galax- 
ies at high z. On the other hand, the SKA will face 
free-free absorption when observing low-z starbursts; for 
example, A rp 220 may be optically thick even at 1 GHz 
(jCondon et al. 1991). At high redshift, however, the rest- 
frame frequencies SKA will observe will be less affected 
by free-free absorption. 

4.4. SMGs, The Radio Background, and Radio Source 

Counts 

Star-formation in galaxies over cosmic time produces 
a diffuse radio synchrotron background. Our models in- 
dicate that submillimeter galaxies and other puffy star- 
bursts ought to have enhanced radio emission. In prin- 
ciple, this means that the synchrotron radio background 
could be up to 2 — 4 times higher than usually pre- 
dicted from the Cosmic Infrared Background (CIB) and 
a naive application of the z « FRC. The magnitude 



of this implied radio excess is interesting, because AR- 
CADE2 recently reported an excess radio background 
at 3 GHz, abo ut five times higher than expecte d from 
star formati o n (iFixsen et all 120091: ISeiffert et al] [2009'). 
ISingal et al.l ([2009') found that constraints on Inverse 
Compton emission require the excess to come from re- 
gions with galactic-level (> ^G) magnetic fields, and 
suggest an evolution of the FRC as the source of the 
reported excess. However, while SMGs are individu- 
ally very bright and contribute much to the cosmic star- 
formation rate a.t z > 2.5, they are not typical starbursts 
(jBavouzet et al.ll2008( ). Instead, they seem to represent 
a transient phase that c an survive about 100 Myr be- 
fore t heir gas is depleted (jTacconi et al.|[2006l : iPope et al] 
l2008h . 

We can estimate the total radio background enhance- 
ment by scaling to the contribution of SMGs to the 
CIB, which is larg ely reprocessed starlight from galax- 
ies at z > 1 (e.g.. iDole et~alll2006l: [Devlin et al.l l2009'). 
and adjusting by the SMG radio excess. Submillimeter 
galaxies do provide the majority of light at ^ 850/im, 
but this is only a small fraction of the total IR back- 
ground. At the peak of the CIB (~ 160^m), submillime- 
ter galaxies prov ide < 10% of the total power, and pos - 
sibly only ~ 2% ([Chapman et al.ll2005t iDve et al.|[2007l) . 
Optimistically, the radio excess from SMGs would be 
10% X (4 — 1) « 30%. This is significant, but not enough 
to explain the very large ARCADE2 excess. More con- 
servatively, the excess is more likely 5% x 2 w 10%, and 
could be as little as a few percent. 

Since the number of radio sources down to several 
fi3y is well known, we can estimate the fraction of the 
expected r a dio b ackground comes from bright SMGs. 
iDole et all ([2006( ) find a TIR background of about 
24 nW m~^ sr~^; from the normalization of the FIR- 
radio correlation we expect a 1.4 GHz backg round of 
vl^ « 2.6 X 10"^ nW m-2 sr'^. IChapman et all ((20051) 
found an average radio fiux density of 5*1.4 ~ 75 /j,Jy 
for bright SMGs {Sssa ^ 5 mJy). The number 
counts of 75 fiJy sources imply that they have a den- 
sity of ~ 1500 deg~^, contributing roughly ~ 5.1 x 
10~^ nW m~^ sr~^ to the 1.4 GHz radio background 
(;e.g.. lGervasi et al.ll2008l ). Bright SM Gs have an approx- 
imate density of ^ 600 deg"^ (e.g.. IWang et al.ll2004l : 
ICoppin et al.ll2006[) . so they constitute about ~ 40% of 
the background from 75 fiJy sources, or ^ 8% of the ex- 
pected 1.4 GHz background from star- formation. This 
is roughly in line with our estimate of ~ 10%, although 
the uncertainties are large enough that it could be con- 
sistent with SMGs lying on the FRC. In any case, it is 
fairly clear that bright SMGs are not the source of the 
ARCADE excess. 

The total excess could be greater if most starbursts 
at z > 1 are puffy, and not just SMGs. We do not ex- 
pect this simply because most current studies show that 
the local FRC does hold out to hig h redshift for most ob- 
served galaxies and st arbursts (e.g..lMurphv et al.ll2009a[ : 
lYounger et all 120091: iGarn et alJ l2009| ). The spectral 
slope would also be a problem: ARCADE2 inferred 
a = 0.6, while we predict a spectral slope a > 0.7, 
steeper than local compact starbursts. Resolved radio 
sources in the range 50 /iJy < Si, 4 ^ 1 mJy, which 
are expected to be star-forming galaxies ([Danese et al.l 
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Il987t ICondOTllll989t iBenn et al.lll993D . contribute about 
1.1x10"^ nW m"^ s r~^ to the 1.4 GHz radio background 
(jGervasi et al.|[2008[) . which is con sistent with the tota l 
energetics expected from the FRC. lde"Zotti et all (|2010[ ) 
also find consistency between the FRC and the observed 
radio source counts at 30 /xJy. Stacking studies of 
fainter radio sources have given so mewhat ambiguous 
results on whether the F RC applies (iBovle et alj 20071 : 
iBeswick et all [20081 ) . but iGarn fc Alexandeii (|2009l ) find 
no large evolution in the FRC down to 51.4 ~ 20 /iJy. 
Any large radio excess would have to come either from a 
new population of low luminosity galaxies or very high-z 
galaxies (see Figure E]); extrapolations of the higher flux 
sour ce populations do n ot predict a large radio excess 
(e.g. 'Gerv asi et al]|2008[ ). 

Nonetheless, our work indicates that a radio excess 
from SMGs can be significant. Conversely, if the lumi- 
nosity function of galaxies was very steep, most galax- 
ies could be intrinsically radio-dim with respect to the 
FRC, because of IC losses off the CMB (see § SH] and 
Figures [T] and [5]) . Then the FRC would overestimate the 
strength of the radio background. However, most star- 
formati on at high z is believed to have occurre d in star- 
bursts (|Le Floc'h et all l2005t iDole et al.|[2006D . so this 
possibility is unlikely. 

5. SUMMARY AND CAVAETS 

We have applied the theory of LTQ to predict the 
FRC for redshifts < z < 10. We use one-zone mod- 
els of galaxies and starbursts with CR injection, cooling, 
and escape to predict the equilibrium, steady-state radio 
spectra of galaxies and starbursts over the entire range of 
the FRC. Our goals were to determine how and why the 
low- and high-Eg conspiracies crucial to the z w FRC 
(§ [5]) affect the FRC at high redshift, and to provide a 
quantitative model for predicting the critical redshifts at 
which galaxies deviate from the z « FRC. We find the 
following: 

1. For compact starbursts (h k. 100 pc), we find rel- 
atively little evolution in the FIR-radio correlation 
out to « 5 — 10 (Figure [1]). This is partly be- 
cause the magnetic energy density in galaxies is 
strong enough to dominate the CMB even at high 
redshifts. However, the high-Sg conspiracy (§ [2]) 
also acts as a buffer against IC losses off the CMB; 
the increased IC losses must compete with the al- 
ready present bremsstrahlung, ionization, and IC 
off starlight in addition to synchrotron losses. The 
rest-frame radio spectral slope a' at fixed v' does 
not change with z, but the observed a at fixed v in- 
creases because the non-thermal synchrotron radio 
spectrum steepens at higher rest-frame frequency. 

2. We derive in Appendix Rlthe critical redshifts when 
Inverse Compton losses off the CMB suppress the 
radio luminosity of galaxies compared to the z « 
FRC. These relations are given for our standard 
model in equation [TJ The non-thermal radio lu- 
minosity is suppressed severely in Milky Way-like 
galaxies (Ssfr ~ 0.06 Mq kpc~^ yr"^) at z « 2 
and the weakest compact starbursts at z > 5. The 
spectrum at GHz steepens to a « 1 because of 
these enhanced IC losses. Nonetheless, the low- 
Sg conspiracy (§ [2|) also acts to prevent the radio 



emission from steeply falling with redshift, since 
Inverse Compton losses off the CMB must be more 
efficient than diffusive escape, not just synchrotron 
losses (see 14. ip . 



3. LTQ found that the z = FRC demands that B 
scales with p or Eg in galaxies lying on the Schmidt 
law. In models with B cx Sg ''~°-®, we find that 
puffy starbursts with h= \ kpc such as SMGs are 
radio bright compared to the z = FRC by a fac- 
tor of ~ 2 — 4. This follows from a breakdown of 
the high-Sg conspiracy (§[2]): bremsstrahlung and 
ionization cooling are weak in puffy starbursts rel- 
ative to the compact starbursts that predominate 
in the z = universe. In contrast, in models with 
B oc ^j-^j Xha-i puffy starbursts are ra- 

dio dim compared to the observed FRC, because of 
weak synchrotron cooling relative to the IC losses. 
Since several studies have reported radio excesses 
for SMGs, we favor the B cx 5]g^~°-^ scaling; how- 
ever the issue of whether SMGs are radio-bright is 
still not fully resolved. In either case, puffy star- 
bursts show little true evolution with z, though 
they may appear to have fainter rest-frame radio lu- 
minosities at high z because of their steep spectra. 
Puffy starbursts inevitably have high a (> 0.7), 
since bremsstrahlung and ionization losses are weak 
with respect to synchrotron and IC. A key predic- 



tion of our scenario with i? cx S' 



0.7-0.8 



is that the 



variations in ^Tm/^radio be correlated with 
scale height at fixed Esfr, since the radio-excess in 
our models is a direct consequence of the large CR 
scale height and the small bremsstrahlung and ion- 
ization losses it causes. Radio-excess (low q) puffy 
starbursts will have steeper radio spectral slopes 
(bigger a), larger velocity dispersions a compared 
to their rotation speeds Wcirc, and possibly moder- 
ately cooler dust temperatures (smaller Tdust)- 

4. As previously expected, radio emission can be a 
poor tracer of star formation in low surface density 
galaxies, because of electron escape and IC losses 
off the CMB. For our preferred B cx E^ '^-O-S scal- 
ing, radio emission overestimates star-formation 
rate by a factor of 2 — 4 in puffy starbursts. Star- 
formation rate is underestimated by synchrotron 



radio emission with the B 



cx p 



scaling. 



5. While SMGs may be individually radio bright com- 
pared to the local FRC, they contribute a rela- 
tively small fraction of the Cosmic Infrared Back- 
ground and the total star-formation luminosity of 
the Universe. This means that they enhance the 
star- formation radio background by < 50%, and 
possibly around ~ 10%, with respect to a naive 
application of the z = FRC. 

As in LTQ, we did not exactly match the observed 
radio spectral slopes of galaxies, with a « 0.9 — 1.0 in 
normal galaxies and a « 0.4 — 0.6 in compact starbursts. 
This will have a slight effect on the k-correction. An error 
of 0.25 in a should only affect inferred radio luminosity 
by 30% at z = 2 and 60% at z = 5. Nevertheless, the pre- 
diction of steeper radio spectra in puffy starbursts with 
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respect to compact starbursts at all relevant z should be 
robust. 

Our explanation for the small ^TrnZ-^radio ratio in 
submillimeter galaxies as a breakdown of the higli-Eg 
conspiracy is based purely on the steady-state spatially- 
averaged synchrotron emission, but the details of the FIR 
emission may also matter. Throughout this paper, we 
have simply assumed that the bolometric FIR luminosity 
could be correctly inferred from observations, and have 
assumed the same UV opacity for all galaxies at all red- 
shifts. The total FIR emission is also likely to depend on 
the metallicity, and may be lower at high z for the lowest 
surface density galaxies. The exact far-infrared SED is 
important in determining the FIR emission when obser- 
vations have only been made at only a few wavelengths. 
The presence of AGNs, a different IMF at high z, and 
selection biases may also affect the inferred q of SMGs. 

We did not include the effects of galaxy evolution on 
the CR spectrum in our models. We argued in LTQ that 
it should not matter for quiescent spirals or for extreme 
starbursts, because the CR lifetime is much shorter than 
the time dependence of stellar populations. However, 
galaxy evolution may play a role in weaker starbursts 
( Lisenfeld et al.l ll996bD and in post-starburst galaxies 
( Bressan et al.ll2002[ ). Studies of merging normal galaxies 
and galaxies in clusters have indeed found that they are 
radio bright with respect to the FRC, possibly because 
of compression of magnetic fields or shock acceleration 
(iGavazzi et al.lllQQItlMiller fc Owei]|2001l:lMurphv et al.l 
I2009bfl . 

We also assumed that the magnetic field strength at 
a given density does not depend on redshift. It is not 
entirely clear how long normal galaxies take to build up 



their magnetic fields, or even what process is at wo rk (see 
the reviews in lWidrowl[200llKulsrud fc Zweibel| [2008). 
though there are theoretical mechanisms that can rapidly 
generate strong magnetic fields. Studies at z 2 indicate 
that normal Milky Way-like galaxies ha d magnetic fields 
with similar strengths to the present (iKronberg et al.l 
l2008t iBernet et al. [ [200l iWolfe et al.l |2008D. At "the 
very highest redshifts, magnetic field strengths might be 
weaker, because the seed fields were essentially zero com- 
pared to the present strengths. Starbursts also may build 
their magnetic fields up in much shorter times than nor- 
mal gala xies, and through a diffe rent process than normal 
galaxies (jThompson et al.ll2009D . 

Finally, we have used one-zone models, which are ap- 
propriate if the CRs sample all of the gas phases in each 
galaxy's ISM. However, the ISM is known to be clumpy 
in th e Milky Way, in c ompact starbursts like Arp 220 
(e.g., iGreve et alJl2009D. a nd even in the SMGs them- 
selves (|Tacconi et al.ll2006l ). A full understanding of the 
FRC will probably require models that take into account 
the inhomogeneity of star-forming galaxies. 



We thank Eric Murphy and Michal Michalowski for 
critical readings of the text, Eliot Quataert for many 
stimulating conversations, and the GALPROP team for 
making their code and its subroutines freely available. 
GALPROP is available at [http: / /galprop. Stanford. eduj 
We would like to thank Igor Moskalenko for sharing his 
group's estimates of the Milky Way's total 7-ray luminos- 
ity for normalization of our models of the FRC. T. A. T. 
is supported in part by an Alfred P. Sloan Fellowship. 



APPENDIX 

DERIVATION OF RADIO SUPPRESSION FROM CMB 

At high redshift, the nonthermal synchrotron radio luminosity of galaxies is suppressed by the CMB. This is because 
the Inverse Compton process shortens the lifetime that CRs have to radiate synchrotron; equivalently, their energy 
goes into Inverse Compton photons instead of synchrotron radio. Because of the shorter times the CR electrons and 
positrons have to radiate synchrotron, the redshift Zcrit when the radio luminosity of a galaxy is quenched by a factor 
Q is given by 

QW:i^(^ = 0) = %^(z = z„it). (Al) 



^loss ^loss 

The loss time includes all cooling and escape losses, so that 

^synch X ' ^^^"^^^ i ^synch | ^synch 



^synch ^synch ^synch 



idiff 



^adv 



(A2) 



In some regimes, some losses may be neglected. For example, diffusive losses are unimportant in starbursts, as are 
IC losses off the CMB at z = 0. Advective losses may be unimportant in normal galaxies and also for the densest 
starbursts. 

We can immediately see that the presence of losses besides synchrotron and IC off the CMB pr even t the suppression 
of radio. In the case when no losses other than synchrotron and IC off the CMB exist, equation I All reduces to 



(Q-i)i 



Ub 



Q = (1 + z„it)' 



'UcMBiz 0) 

The presence of other loss processes, whether escape or cooling, requires a higher Zcrit for a fixed quench factor Q 

, ^synch ^synch ^synch ^synch ^synch 



(A3) 



(Q-1) 



UcMBiz 0) 



1.0 



he,* thr 



tditf 



t. 



adv 



Q = (1 + Zcrit) 



(A4) 



Essentially the IC losses off the CMB must compete with not only synchrotron losses, but every other cooling and 
escape process as well. With the high-Eg conspiracy, isynch/^ioss can be of order 10 — 20, so the energy density of the 
CMB must be ~ 10 — 20 times greater to suppress the radio emission than would be naively expected. 
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We give the loss times lor each process in LTQ. From those lifetimes, we can find the ratios of the synchrotron 
coohng timescale to the other loss timescales: 



^synch 
ilCCMB 

^synch 

^synch 



0.11Bfo^(l + zf 

SsFR 



==19B 



M0 kpc ^ yr-i 



^brcins 
^synch 



t. 



^ion 

synch 

^synch 
^adv 



1 

kpc 



g cm 



'10 ""kpc 



1 ^v'-^'^B^'^''^ 



g cm 



'~l/2r,-3/2 



2,-1 
"•kpc^300, 



(A5) 
(A6) 
(A7) 
(A8) 
(A9) 
(AlO) 



where Biq = i3/(10/iG), /ikpc = 'i/(lkpc), W300 is the wind speed in units of 300 km s~^, and v[ 4 is the rest-frame 
frequency divided by 1.4 GHz. 
Our models parameterize B in terms of the gas surface density : 

40(I]g/g cm-2)0-7 [B oc T.^) 

72(S,/gcm-2)0-8 (i?cxEO«) ^^^^^ 



B\o — 



a 

0.5 \ 



^9/ 

I'' 

^9/8 ^^ii ; "kpc 

Finally, the Schmidt Law allows us to convert between gas surface density Sg and surface density of star-formation 



12(S,/gcm-2)0-5/i-o^5 (5^^, 

22(S3/g Cm'2)0.6;,-0^6 ^ ^0.6) 



rate Ssfr: 



g cm 



0.078 



0.048 



SsFR 



Mq kpc 2 yr-1 



SsFR 



Mq kpc ^ yr-1 



0.71 



0.59 



(K98) 
(B07). 



(A12) 



We can approximately solve for the redshift Zcrit when Q = 3 for galaxies and starbursts in each of the scenarios in 
Table[T] For the scenario with the B07 star-formation law, B oc E^'^, and no winds, we find: 



(A13) 



where Esfr is in units of Mq kpc 
starbursts, we find: 



1.4 (Normal galaxies, Esfr < 0.02) 

5.8S§i?{^ - 1 (Normal galaxies, Ssfr > 0.02) 
5.729^23 „ 1 (Puffy starbursts) 
7.4I]gpj^ — 1 (Compact starbursts), 

"1. For the scenario with the B07 star-formation law, B oc E^ ®, and winds in 



-^crit 



1.5 (Normal galaxies, Ssfr ^5 0.02) 

6.61]§|j^ - 1 (Normal galaxies, Ssfr > 0.02) 

4.8I]§-^| - 1 (Puffy starbursts, Ssfr < 0.2) 

6-5Sg|^ - 1 (Puffy starbursts, Ssfr > 0.2) 

8.6Sg-^| - 1 (Compact starbursts, Ssfr < 0.8) 

^ 9.0Sg|]* - 1 (Compact starbursts, Ssfr < 0.8). 

For the scenario with the B07 star-formation law, B oc p*''^, and winds in starbursts, we find: 

(Normal galaxies, Ssfr ^ 0.02) 
(Normal galaxies, Ssfr ^ 0.02) 
1 (Puffy starbursts, Ssfr < 0.2) 
(Puffy starbursts, Ssfr > 0.2) 
(Compact starbursts, Ssfr < 0.7) 
^ lO.OSlI]!^ - 1 (Compact starbursts, Ssfr < 0.7). 

For the standard model of LTQ, with the K98 star-formation law, B oc S^'^, and no winds, we find: 



1.4 

c fiy0.21 _ -1 
4.5Sg|| 

5.8Sgpp{ - 1 

Q cvO.04 -1 



(A14) 



(A15) 



1.4 

D-"^SFR 

6-8S§^^ 

^0.25 



(Normal galaxies, Ssfr ^ 0.02) 
1 (Normal galaxies, Ssfr 0.02) 
1 (Puffy starbursts) 



(A16) 



, 10.2Sgp^ — 1 (Compact starbursts). 
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Fig. 6. — The redshift z^rit when the rest-frame 1.4 GHz synchrotron luminosity is suppressed by a factor of 3 from IC losses off the 
CMB, in our model with the B07 star-formation law, B oc S^-*, and no winds. The dotted line is for puffy starbursts. For starbursts, the 
suppression is only important at very high z, typically beyond those that will be observed by EVLA and SKA. 

Finally, for the model of LTQ with the K98 star-formation law, B oc and winds in starbursts, we find: 

1.4 



c (3y0.23 
4 c;y0.04 



(Normal galaxies, Ssfr ^ 0.02) 
1 (Normal galaxies, Ssfr ^ 0.02) 
1 (Puffy starbursts, SgpR < 0.3) 
1 (Puffy starbursts, Ssfr ^ 0.3) 
1 (Compact starbursts, Esfr ^ 0.7) 
1 (Compact starbursts, Ssfr ^ 0.7). 



(A17) 
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TABLE 1 
Model Properties 



SFR Winds B PRC Scatter (PS)'' PS PRC Normalization (Ag')'" 



Norm 



Spectral slopes ' 
CS 



PS 



K98 


N 




1.7 (1.5) 


3.9 (-0.59) 


0.92 - 


0.96 


0.44 - 0.64 


0.69 - 


0.92 


K98 


Y 


/5 


1.7 (1.7) 


0.85 (0.07) 


0.88 - 


0.94 


0.43 - 0.61 


0.78 - 


0.85 


B07 


N 


^0.7 


1.7 (1.5) 


2.2 (-0.35) 


0.87 - 


0.96 


0.57 - 0.67 


0.86 - 


0.98 


B07 


Y 




2.2 (1.7) 


3.4 (-0.53) 


0.85 - 


0.91 


0.45 - 0.59 


0.75 - 


0.87 


B07 


Y 


/e 


2.0 (2.6) 


0.49 (0.31) 


0.87 - 


0.91 


0.49 - 0.64 


0.88 - 


0.91 



Variation in the local i'xiR/^radio o^^r normal galaxies and compact starbursts, as measured at z = at i^' = 1.4 GHz. 
The value in parentheses is the variation in ^Tm/^radio P^^y starbursts alone at z = with u' = 1.4 GHz. 
^ Average radio-brightness of puffy starbursts at z = 0, compared to the local normalization of the FRG for compact 
starbursts and normal galaxies. Aq' is the offset in q' from its locally observed value for the puffy starbursts. 

Range of instantaneous spectral slopes a at p' = 1.4 GHz at z = 0. Norm = normal galaxies; CS = compact 
starbursts; PS = puffy starbursts. 
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